Background: The detection of prodromal Parkinson's disease (PD) is desirable to test drugs with neuroprotective potential, but will be affected by known disease variations. Objective: To assess the prevalence of four key non-motor prodromal PD markers, and evaluate the sensitivity of case detection when non-motor screening tools for prodromal PD are implemented in an early clinical PD cohort. Methods: Hyposmia (University of Pennsylvania smell identification test ≤15th centile or Sniffin' Sticks at or ≤10th centile corrected for age and sex), rapid-eye movement sleep behaviour disorder (RBD questionnaire >4), constipation (<1 daily spontaneous bowel motion) and depression (Leeds >6) were recorded in recent onset PD cases, and proposed non-motor screening criteria applied. Results: In 1,719 PD cases, mean age 68.6 years (SD 8.1), 65.5% male, mean disease duration 1.3 years (SD 0.9), 72.2% were hyposmic, 43.3% had RBD, 22.1% depression, and 21.5% constipation. 11.6% of cases had no key non-motor features, 38.8% one, 32.1% two, 15.5% three, and 2.0% all four. Increasing numbers of non-motor features were associated with younger age (p = 0.019), higher motor scores (p < 0.001), more postural instability gait difficulty (PIGD) (p < 0.001), greater cognitive impairment (p < 0.001) and higher total non-motor burden (p < 0. D.M.A. Swallow et al. / Variation in Recent Onset Parkinson's Disease (p < 0.001), had less severe cognitive (p = 0.006) and other non-motor features (p < 0.001). All screening criteria selected younger patients (p = 0.001, p < 0.001), three of four greater overall non-motor burden (p = 0.005, p < 0.001), and inclusion of RBD more cognitive impairment (p = 0.003, p = 0.001) and PIGD (p = 0.004, p = 0.001). Conclusions: Varying sensitivity levels, and age and phenotype selectivity, are found when different non-motor screening methods to detect prodromal PD are applied to an early clinical PD cohort.
INTRODUCTION
Several non-motor features of Parkinson's disease (PD) precede the initial motor features and therefore the diagnosis of PD, often by several years [1] . These include olfactory dysfunction, rapid eye movement sleep behaviour disorder (RBD), constipation and depression. Such early non-motor manifestations likely reflect extra-nigral pathology in the olfactory bulb, lower brainstem nuclei and enteric nerves, which precedes the characteristic dopaminergic degeneration of the substantia nigra [2] . In the absence of tissue or directed imaging biomarkers to identify patients in this pre-diagnostic or pre-motor phase, attention has increasingly focused on screening for these non-motor features, recognising their potential significance in identifying and defining individuals 'at risk', in whom putative neuroprotective agents might be tested [3] [4] [5] [6] [7] [8] .
Individual non-motor features are common in the general population, with around a 20-40% prevalence for each of the following: anosmia, constipation and depression, but only a minority of subjects with these features will eventually develop PD [9] . RBD affects less that 1% of the general population compared to 15-46% of adults with PD, giving it much higher specificity [10] , but is limited by a prolonged latency period prior to conversion [11] . Since multiple concurrent non-motor features are more prevalent in those with PD than in healthy controls [12] [13] [14] , combining non-motor features may improve screening specificity [4, 6, 15, 16] . Additional proposed enrichment approaches include selecting those with a family history of PD [4] and targeting an older age group [7] , with refinement by secondary screening with transcranial sonography [3] or dopamine transporter imaging [17] .
However, while increasing the number of nonmotor features will undoubtedly improve specificity, the sensitivity of existing non-motor screening methods to the presence of PD has not yet been established. Testing the presence of non-motor markers in PD cases after the motor diagnosis was reached would help to clarify this issue.
Selectivity for disease subtype could also result from particular screening approaches. There is increasing recognition of disease heterogeneity in PD, involving the presence and rate of progression of motor and non-motor features. RBD is associated with PIGD (postural instability gait difficulty), increased autonomic dysfunction and higher risk of cognitive impairment and dementia [9] . Depression is associated with poorer quality of life in PD [18] , PIGD and more rapid disease progression [19] and constipation may reflect greater autonomic involvement, at least of the enteric nervous system [20] . If the utilisation of key non-motor features to detect PD introduced a selectivity bias for PD subtype, this would have implications for prognosis [21] , and therefore the design and interpretation of the proposed treatment studies in pre-motor 'at risk' subjects.
To address these issues we examined an early clinical PD cohort for the prevalence and clinical correlates of four key non-motor features known to increase the risk of PD when present in asymptomatic individuals. We then stratified the cohort according to the fulfilment of several screening methods [3] [4] [5] [6] , to rank the sensitivity of the proposed screening methods, and to assess their selectivity for disease severity and classification.
METHODS

Study cohort
Study participants were enrolled in the recent onset (diagnosed within the last 3.5 years) arm of the Tracking Parkinson's study, a prospective multicentre study (n = 72 sites) in the United Kingdom. The full study protocol including inclusion/exclusion criteria and definitions has been outlined in detail [22] . In brief, cases with a clinical diagnosis of PD were recruited, fulfilling Queen Square Brain Bank criteria, and supported by structural and functional presynaptic dopaminergic neuroimaging performed on clinical grounds. Cases diagnosed with vascular, drug induced and atypical parkinsonism (multiple system atrophy, progressive supranuclear palsy and corticobasal degeneration) were excluded. Cases with normal functional imaging performed after study entry were excluded from analysis, as well as cases with a revised diagnosis or emerging clinical features which reduced diagnostic certainty. The study was undertaken with written consent, with the approval of the multi-centre regional ethics committee, and in compliance with national legislation and the Declaration of Helsinki.
Measurement instruments
Olfaction was assessed using either the British version of the 40-item University of Pennsylvania smell identification test score (UPSIT) test (Sensonics Inc, Haddon Heights, NJ, US), or the 16-item Sniffin' Sticks test (Burghart Messtechnik, Wedel, Germany). Hyposmia was defined as Sniffin' Stick score at or below the 10th centile [23] or UPSIT scores at or below the 15th centile, corrected for age and sex [24] . RBD was assessed using the RBD screening questionnaire (RBDSQ), and a cut-off score of greater than 4 applied [25] . Depression was scored if cases had a Leeds/Hospital Anxiety and Depression Scale score >6. Information on a previous diagnosis of depression, as indicated in the Mini Environmental Risk Questionnaire for Parkinson's disease baseline (MERQ-PD-B), was also collected. Constipation was defined as less than one daily spontaneous bowel motion [26] .
Motor function was scored according to Part 3 of the Movement Disorder Society unified PD rating scale (UPDRS 3), indicating whether cases were in an 'on' or 'off' state. Motor subtypes were defined as tremor dominant, postural instability and gait disorder, or indeterminate, according to UPDRS 3, using a predetermined formula [27] . Cognition was assessed by the Montreal cognitive assessment (MoCA), scored out of 30, and categorised using diagnostic cut-offs as normal cognition (24) (25) (26) (27) (28) (29) (30) , mild cognitive impairment (22) (23) or dementia (<22) [28, 29] . The 30 item non-motor symptom scale (NMSS), which combines severity and frequency of symptoms, was used following the established categories of mild (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) , moderate (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) , severe (41-70) and very severe (>70) [30] . Levodopa equivalent daily dose (LEDD) dose was calculated using established formulas [31] . Smoking status was measured using the MERQ-PD-B and categorised as never (no regular period of smoking, defined as 1 cigarette per day over 6 months), current, previous or passive (defined as living with a smoker, not mutually exclusive of own smoking status).
Screening methods
Screening criteria from four recent studies [3] [4] [5] [6] of prodromal PD were included. We selected these studies as representative of differing non-motor screening approaches. Comparisons enabled the evaluation of whether different screening criteria were differentially sensitive in the detection of the various subgroups of PD patients.
1. Hyposmia and/or family history [3] Age 50 years and older, hyposmia, and/or a positive history family for PD were the primary criteria, which identified 468 (34.6%) 'at risk' subjects from an original cohort of 1352 without PD, of whom 8 (1.7% of those identified from primary screening) developed PD during a median follow-up of 35.2 months.
2. Hyposmia (subset with family history of PD) [4] Subjects without evidence of PD over 50 years old, of whom approximately 50% had a first degree relative with PD, underwent olfactory assessment. The second stage of screening, by dopamine transporter imaging, found that the 669 cases with hyposmia (13.4% of their 4, 999 subjects) were more likely to have dopamine transporter (DAT) deficits (11% of 203 assessed hyposmics, versus 1% of 100 normosmics) [17] .
3. Hyposmia and/or RBD and/or depression [6] Depression, RBD and hyposmia were used to screen 698 subjects without PD, aged 50-80 years. 25 cases (3.6%) had all 3 features. The greater the number of these 3 features that were present in an individual patient, the higher the proportion with additional features (from a set of 8 motor, and 15 additional non-motor features which occur in PD).
4. RBD and olfactory dysfunction [5] Olfactory dysfunction had a diagnostic accuracy of 82.4% for Lewy body disease, in patients with polysomnography-confirmed idiopathic RBD at an average duration of 2.4 years. The relative risk of Lewy body disease in the lowest tertile of olfactory dysfunction was 7.3 (confidence interval 1.8-29.6) compared with the top two tertiles.
We tested these four screening algorithms, in our cohort of recent onset clinical PD, to determine the sensitivity of each method. Accordingly, only cases aged 50 years and older were included in our analysis, since three of the four screening studies included subjects by this age definition, while the fourth included only 34 patients [5] . When assessing the screening algorithm requiring hyposmia and/or RBD and/or depression [6] , depression was scored if individuals had a Leeds score >6 or a self reported history of depression (MERQ-PD), rather than a Leeds score >6 alone, in order to more closely match the definition of depression utilised in that study. A supplementary analysis was also performed using additional variables, identified from a meta-analysis, which double the PD risk (family history, never smokers and constipation) [1] .
Statistical analysis
Cases with a revised diagnosis or emerging clinical features suggesting an alternative diagnosis, at their latest follow up visit (average 3.5 years) were excluded. General linear modelling was used to assess variables across non-motor categories, adjusting for multiple covariates (age, sex and disease duration) with heterogeneity p-values calculated when the number of categories was more than two. In the case of motor subtype analyses multinomial logistic regression was used with the Tremor Dominant category as the baseline. For the categorised MoCA analyses ordered logistic regression was used. For age, disease duration, UPDRS 3 and NMSS total, linear regression was used, while for analyses of sex and whether dopamine imaging was performed, logistic regression was used. The main analysis was performed using a complete case approach. An additional sensitivity analysis was performed imputing missing outcome and exposure data. Where sum scores of scales were used in analysis we first calculated expected scores when at least 80% of the questions in these scales were answered. Any remaining missing data was imputed using the chained equation approach to multiple imputation creating 10 imputed datasets. Adjusted p values <0.05 were considered significant. IBM SPSS Statistics for Windows, Version 22.0, Armonk, NY and STATA version 13 was used for statistical analysis.
RESULTS
Out of 2,006 cases recruited to the study, and followed to a mean of 3.5 years (SD 1.2) from diagnosis, 287 cases were excluded due to a revised diagnosis (n = 22), disease duration greater than 3.5 years (n = 6), age less than 50 (n = 91), missing age (n = 1), or with one or more features atypical for PD (n = 167) (Fig. 1 ). There were thus 1,719 recent onset cases available for analysis, whose demographic, motor and non-motor characteristics are shown in Table 1 . Of the four non-motor features of interest, hyposmia was present in 72.2%, RBD in 43.3%, depression in 22.1%, and constipation in 21.5% of cases. Restricted to 1324 cases with complete data on all four nonmotor features, 11.6% of cases had none of the four features; increasing the required number of nonmotor features identified smaller numbers of cases, from one non-motor symptom in 38.8% of cases, through to four non-motor symptoms in 2.0% of cases (Table 2 ). The proportion of cases with individual and combination features highlighted wide variations in patterns of non-motor involvement (Fig. 2) .
Increasing non-motor burden was associated with a higher UPDRS motor score (p < 0.001) including more PIGD (p < 0.001), a higher total NMSS score (p < 0.001) and a greater proportion with MCI and dementia (p < 0.001) ( Table 2) . Cases with multiple non-motor features were also significantly younger (p = 0.019), than those without these features.
Considering the 38.8% of cases with only one non-motor feature, there were significant differences Fig. 1 . Disposition of cases recruited to the study, and reasons for exclusion, to define the main analysis dataset of 1719 patients. in age (p < 0.001), cognition (p = 0.006), and total NMSS (p < 0.001), according to which non-motor feature was present (Table 3) . Patients with isolated depression were most impaired, with the greatest cognitive and non-motor severity, compared to patients with other isolated non-motor features. Those with isolated hyposmia were youngest, with the least cognitive impairment and overall non-motor burden, compared to patients with other isolated non-motor features ( Table 3) . The proportion of recent onset patients identified using the four proposed screening criteria are detailed in Table 4 . One or more of hyposmia, RBD or depression identified the largest proportion (90.6%) of the cohort [6] . There were significant differences in the clinical characteristics identified by the different screening algorithms (Table 4 ). All the screening algorithms identified younger cases (p = 0.001, p < 0.001), three [3, 5, 6] of four methods greater total non-motor burden (p = 0.005, p < 0.001), while two of the four methods [5, 6] [1] , identified 55.4% of our cohort, and when key non-motor features were added to these variables, the rate increased to a maximum of 94.5% (Supplementary Table 1) .
After calculating expected scores for those who answered 80% or more of the questions, missing data on PD outcomes ranged from only 1.2% (UPDRS 3 and MoCA) to 3.8% (motor subtype). For our four non-motor features, missing data ranged from 2.5% (RBD) to 12.4% (hyposmia). In order to address this further, we repeated our analysis, undertaking missing data imputation (Supplementary Tables 2-4) . The p-values of the complete case analysis and analysis using data imputation were very similar, with only one difference in statistical significance (indeterminate phenotype Table 2 versus Supplementary  Table 2 ).
DISCUSSION
Our study is, to our knowledge, the first to analyse proposed non-motor screening methods for prodromal PD in an early clinical PD cohort as a 'best case scenario' for the utility of these screening methods, and has two main findings.
First, we found that non-motor screening algorithms aiming for high specificity by combining non-motor features had variable sensitivity in detecting those with early clinical PD. 11.6% of PD cases, diagnosed on average 1.2 years earlier, had none of the four key non-motor features, with 38.8% having only one such non-motor feature. In turn, the proposed non-motor screening methods detected between 31.9% and 90.6% with early clinical PD. Second, we found evidence that both the number 294 and type of non-motor feature included in screening methods may introduce selectivity for particular clinical characteristics. Incremental increases in disease severity were seen as the number of key non-motor features increased from none to four. Cases with three or more non-motor features were significantly younger, more likely to have PIGD, and had more severe Parkinson's, both from the motor and non-motor viewpoint. Also, they were more likely to have dementia. All of these differences remained after correcting for confounding variables. These findings are consistent with several other studies, encompassing recent onset PD cases, and screening paradigms in 'at risk' cases. In two studies in newly diagnosed PD, a worsening motor score was found with increasing numbers of non-motor features [13, 32] . Others have also noted the association between increasing nonmotor features and PIGD [13, 33] . In the TREND screening study, one or more of the three non-motor screening features correlated with a broader range of non-motor features, and with prodromal motor symptoms [6] . A similar correlation was present when hyposmia and RBD were analysed against other nonmotor and potential motor disease markers, in the PREDICT-PD study [7] . However, such associations are not universal: in the ONSET-PD study, 60% of patients had few, minimally disabling non-motor symptoms, and they did not differ from the remaining 40% with a high non-motor burden, in terms of either motor severity, or motor phenotype [14] . However, the overall balance of evidence favours concurrence of selected non-motor features with other non-motor features, greater motor severity and PIGD. In addition to the number of key non-motor features included in screening algorithms, the type of non-motor feature selected for inclusion may also affect the clinical characteristics of cases identified. 'Hyposmia only' cases had milder overall nonmotor burden than cases with only one of the other key non-motor features. This matches the TREND results, in which hyposmic subjects had a lower number of additional prodromal PD features (including other non-motor, motor and neuropsychiatric features) compared to those with depression and RBD [3] . The low non-motor severity is also in keeping with the PARS study in which a very small proportion of hyposmic cases had multiple non-motor features [4] . Depression, in contrast, emerged as a marker for a particularly severe overall non-motor burden, consistent with previous observations [14] . Strikingly, only 52.4% of those with depression were cognitively normal, in contrast to 82.1% of those with hyposmia alone, again consistent with previous findings [34] , but which may in part be explained by "pseudodementia" due to lack of motivation to engage in cognitive tests [35] .
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Overall, the unifying feature across screening methods using these key non-motor features was their selectivity for younger patients, and when RBD was included, the PIGD subtype and greater cognitive impairment. The sensitivity and selectivity levels for particular disease characteristics need to be taken into account when considering the application of screening methods and the generalisability of observational or therapeutic studies that have used these methods.
However, there appears to be scope for improving sensitivity by adding additional screening variables. For example, additional PD risk variables emerging from meta-analysis (family history of tremor, and/or never smoking, and/or constipation) as doubling the risk of future PD [1] appeared sensitive, identifying [3] cohort (50% family history) [4] and/or depression [6] 55.4% of our cohort before any of the remaining key non-motor features were added. Adding those nonmotor features increased sensitivity to 94.5%. The NMSS may be worthy of exploration given the relationship we found between the four key non-motor features and the total NMSS score, and the relatively high cost of olfaction testing compared to a questionnaire. Phenotypic selectivity could be addressed by inclusion of risk markers. Genetic variation for example may in part determine clinical heterogeneity in PD [36] . However, genetic risk classification showed only incremental effects on classification accuracy beyond the clinical variables, while constipation and smoking were not found to be additive in a diagnostic model comparing PD and controls [37] . More recently, probability methodology for prodromal PD has been developed [26] , encompassing a spectrum of predictive markers including both background risk (genetic and environmental) and diagnostic marker testing (including non-motor features) expressed as likelihood ratios.
It is important that our findings are representative of the non-motor profile in an early PD population. The rank order with each non-motor feature was comparable to another recent onset cohort using similar methods [38] . As in other cohort studies, hyposmia was the most prevalent of the non-motor features [13, 14, 38] and accounted for over half of those with only one non-motor feature. The rate of other non-motor features was also similar to other cohort studies, but with some variation; depression was more common in one study [39] , and RBD less common in another [14] . Some variation between studies is expected given the heterogeneity and different sensitivity of measurement techniques, as well as varying disease durations, and would likely influence the exact proportions with none, one or combinations of non-motor features found in other studies, but overall the similarities across studies appear to be sufficient.
Potential limitations of the study relate to the presence and persistence of non-motor features. Improvement in non-motor features by antiparkinsonian drug therapy may have reduced the sensitivity of the screening methods in our cohort, given that only 9.7% of our PD cases were drug naïve. However, no differences in the severity of non-motor features were found in treated versus untreated early (<5 years) PD patients in another study [32] , which concluded that non-motor features were influenced more by the underlying disease process than dopaminergic replacement. The second aspect is the assumption that the key non-motor symptoms are persistent, which is almost certainly true for hyposmia, but less accurate for depression and RBD which are known to fluctuate. Furthermore given that our cohort all manifested motor PD, we cannot be sure that those people screening positive for these non-motor symptoms exhibited them before the onset of their motor disorder; i.e. they could be used to predict the onset of motor PD in these individuals. Another consideration relates to diagnostic accuracy, and whether a higher proportion of our cases with few non-motor features could have an alternative diagnosis than PD, often referred to as subjects without evidence of dopaminergic deficit (SWEDD). However, we found no difference in the proportion of patients who had confirmatory presynaptic dopaminergic imaging according to the number of the four key non-motor features that were present. In addition, there was no evidence of a lower rate of non-motor features in SWEDD cases in another recent cohort study [40] . While we excluded cases with revised diagnoses, or emerging features suggesting an alternative diagnosis, in keeping with all population studies we cannot exclude the possibility that a small proportion of cases may have atypical parkinsonian disorders.
In conclusion, screening methods based largely on non-motor features show varying levels of sensitivity even in early PD, and are generally selective for younger patients and those with a PIGD motor phenotype. Awareness of these factors is important as we work further to enhance screening methodologies.
